The -Cambrian Explosion‖ is known for rapid increases in the morphological disparity and 24 taxonomic diversity of metazoans. It has been widely proposed that this biological event was a 25 consequence of oxygenation of the global ocean, but this hypothesis is still under debate. Here, we 26 present high-resolution Fe-S-C-Al-trace element geochemical records from the Jinsha (outer shelf) and 27
Introduction 55
The early Cambrian was a key period in the evolution of life and environmental changes on Earth. 56 and, for most samples, Fe T and Al were determined using a standard HF-HCl-HNO 3 digestion which 245 was followed by measurements using inductively-coupled-plasma-atomic-emission spectroscopy 246 (ICP-AES) for Fe and Al concentrations, and quadrupole inductively coupled plasma mass 247 spectroscopy (ICP-MS) for trace elements concentrations. For some samples, Fe T concentrations were 248 determined using an Olympus DP-6000 hand-held X-ray fluorescence spectroscope (HH-XRF) with a 249 Rh tube, as described by Lenniger et al. (2014) . Total organic carbon (TOC) was calculated by 250 difference between total carbon (TC) and total inorganic carbon (TIC), which were measured by using 251 a Jena multi-EA 4000 carbon-sulfur analyzer through online combustion at 1350°C and acidification 252 with ~30-40% phosphoric acid, respectively. 253 254
Results and discussion 255
The Fe-S-C-Al-trace element geochemical data from the outer-shelf Jinsha and Weng'an sections 256 of this study, as well as previously reported data from the inner-shelf Xiaotan (Och et al., 2013 (Och et al., , 2015 , (Table S1) . Similarly, we infer that these mixed redox signals were due to fluctuating redox conditions on the 300
Yangtze Platform (see Section 5.1.5) and conclude that Interval II was most likely deposited under 301 ferruginous conditions with episodes of euxinia (Fig. 6B) . 302
Interval III samples show Fe T >0.5%, low Fe HR /Fe T (0.08-0.48, mean 0.28), and low Fe Py /Fe HR 303 (0-0.35, mean 0.01), suggesting dominantly oxic conditions (Figs. 3A and 5B). This interpretation is 304 supported by low U (up to 7 ppm, mean 5 ppm) and Mo concentrations (up to 3 ppm, mean 1 ppm) and 305 slightly elevated V concentrations (up to 379 ppm, mean 271 ppm). 306
Interval IV samples are characterized by Fe T >0.5%, low Fe HR /Fe T (0.23-0.37, mean 0.31) and low 307
Fe Py /Fe HR (0-0.37, mean 0.06), suggesting oxic bottomwaters (Figs. 5B and 6B), which is consistent 308 15 with low concentrations of U (up to 6 ppm, mean 4 ppm) and Mo (up to 2 ppm, mean 1 ppm) and 309 slightly elevated V concentrations (up to 299 ppm, mean 183 ppm) (Fig. 3A) . 310 311
Redox conditions at Dingtai (outer shelf) 312
Iron speciation and RSTE data for the Dingtai section were originally reported by Xu et al. (2012) . 313
Bottomwater redox conditions were not determined for Interval I due to a lack of Fe speciation and 314 RSTE data. In Interval II, all samples except for one with low Fe T content are characterized by 315 Fe T >0.5%, variable Fe HR /Fe T (0.12-0.69, mean 0.33), and low Fe Py /Fe HR (0-0.14, mean 0.01), 316 suggesting oxic to ferruginous conditions (Fig. 5C ). However, high concentrations of U (up to 28 ppm, 317 mean 18 ppm), V (up to 4400 ppm, mean 1470 ppm), and Mo (up to 394 ppm, mean 86 ppm) suggest 318 at least intermittent euxinia. We infer that the mixed redox signals for Interval II reflect conditions that 319 were dominantly ferruginous with episodes of euxinia ( Fig. 6B ; also see Section 5.1.5). 320 321
Redox conditions at Weng'an (outer shelf) 322
The only Interval I sample yields Fe T >0.5%, high Fe HR /Fe T (0.90), low Fe Py /Fe HR (0.01), and 323 relatively high concentrations of U (11 ppm), V (5610 ppm), and Mo (45 ppm), suggesting ferruginous 324 to euxinic conditions (Fig. 3B) . Intervals II and III can be subdivided into two distinct units based on 325
Fe speciation data (Figs. 3B and 5E ). In the lower unit (6-85 m), all samples yield Fe T >0.5%, high 326
Fe HR /Fe T ratios (0.37-1.00, mean 0.68), and variable Fe Py /Fe HR ratios (0-0.81, mean 0.37), suggesting 327 dominantly ferruginous conditions with only episodic euxinia (Fig. 6B) . However, the relatively high evaluating not only average redox conditions but also redox variability within paleomarine systems. 369
The lack of strong positive covariation between Fe Py /Fe HR and Mo EF for most of the present study 370 sections ( there is a modest tendency for carbonates to be associated with oxic conditions and for shales to be 383 associated with ferruginous or euxinic conditions, each lithology accumulated under a range of redox 384 conditions, and lithology does not appear to be a dominant control over redox patterns (Fig. 8) . conditions specific to the early Cambrian Yangtze Block that contributed to its development there, i.e., 393
(1) improved ventilation of the ocean-surface layer owing to increasing atmospheric oxygen levels 394 during the Ediacaran-Cambrian transition, and (2) ferruginous deep-water conditions owing to 395 hydrothermal emanations of reduced Fe from the deep Nanhua Basin (e.g., Wang et al., 2012b) . 
Sulfur isotopic records 427
The heterogeneity of ocean chemistry during the early Cambrian is also likely to have extended to 428 the marine sulfate reservoir. To constrain seawater sulfate concentrations during the early Cambrian, respectively, and that of slope facies averages +16.8‰, +22.5‰, and +12.4‰, respectively ( 
Conclusions 507
High-resolution Fe speciation, elemental concentration, and sulfur isotope data are reported for the 508 outer-shelf Jinsha and Weng'an sections of the early Cambrian Yangtze Platform in South China. Our 509 new data, combined with existing data from six other sections representing a range of paleowater 510 depths (Xiaotan, Shatan, Dingtai, Yangjiaping, Songtao, and Longbizui), suggest that euxinic 511 mid-depth waters were dynamically maintained between oxic surface waters and ferruginous deep 512 waters, and that oceanic oxygenation proceeded in a stepwise manner as oxic conditions slowly 513 penetrated into outer-shelf and basinal environments beginning in Cambrian Stage 3 (~521-514 Ma). 514
Our reconstruction of early Cambrian redox conditions in South China in combination with those in 515
sections from Oman, Iran and Canada, suggests a high degree of spatial heterogeneity in redox 516 conditions for the early Cambrian global ocean, consistent with low atmospheric oxygen levels 517 (~10-40% PAL) but contrary to inferences of oxygen levels similar to the modern. A pronounced 518 gradient in δ 34 S py suggests low concentrations and strong spatial variation in seawater sulfate, which 519 supports our inference of low rather than high contemporaneous global-ocean sulfate levels. 520
Integration of information regarding marine redox conditions and fossil distributions suggests that 521 a stepwise oxygenation of shelf and slope environments is consistent with gradual increases in 522 ecosystem complexity during the early Cambrian. This finding implies that the -Cambrian Explosion‖ 523 in South China might have been mainly a local consequence of improved surface-ocean oxygenation 524 rather than a response to global-ocean ventilation. Furthermore, correlation of our reconstructed ocean 525 chemistry with early Cambrian bio-evolutionary patterns reveals two surprising results: (1) the world's 526 deep waters remained anoxic and ferruginous following the appearance of macrozooplankton and 527 suspension-feeding mesozooplankton, and (2) the global seawater sulfate reservoir remained small 
